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Abstract

Experimental data are needed to improve and validate models predicting the dynamics of solar 
particle events as mechanisms of processes leading to the acceleration of solar energetic particles 
are still  not  fully understood.  The aim of this  work is  to evaluate  whether the spectrometer  of  
deposited energy, Liulin, positioned at the Lomnický štít mountain observatory can collect such 
data. Decision thresholds and detection limits for the increase or decrease in the average number of 
particles  detected  by Liulin  were determined for  a  period  in  February 2011.  It  was  found that 
changes in counts corresponding to decision thresholds and detection limits relative to the average 
number of detected particles were about 17% and 33%, respectively. The Forbush decrease with a 
maximum change of about 6.8%, which started on February 18, was not detectable during either the 
10 minute acquisition time or any other longer period. A statistical analysis showed that to achieve 
the detection of a 5% decrease, the acquisition time of about 7 hours would be needed. As this time 
was shorter than the duration of the Forbush decrease (about 56 hours), we theorize that the current 
placement of the Liulin detector inside the living room shielded by a thick concrete ceiling could 
have negatively affected the detectability of the decrease in the cosmic ray counting rate. To test this 
possibility,  we  recommend  to  position  the  Liulin  detector  outside  the  main  building  of  the 
observatory.

1 Introduction
Radiation  fields  at  mountain  observatories  are  dominated  by  secondary  particles  produced  by 
interactions  of  galactic  cosmic  rays  (GCRs)  and  solar  energetic  particles  (SEPs)  with  Earth's 
atmosphere,  see (UNSCEAR 2008) for more information about the composition of these fields. 
Intensity of these two primary sources is  modulated by solar  activity.  Time variations  of GCR 
intensity observed at  Earth  arise  from the increased irregularity of  the  solar  wind during solar 
maxima; the solar wind caries to large distances from the Sun magnetic fields deflecting charged 
cosmic rays, see e.g. (Watermann 2009) for more details. Strong decreases in GCR intensity are 
known as Forbush decreases. The intensity of SEPs, on the other hand, increases with increasing 
solar activity as SEPs are produced by solar flares and coronal mass ejections.  SEP events are 
classified into two types: gradual and impulsive. Impulsive SEP events occur with a rate of about 
100 per year during the maximum of the solar cycle, they last only a few hours, and they are much 
weaker than gradual SEP events. Gradual SEP events occur with a rate about 10 per year during the 
maximum of the solar cycle, each one can last several days, and they are likely to be accelerated in 
interplanetary shocks rather than by flares in the corona (Aschwanden 2008). Mechanisms leading 
to SEP acceleration are not fully understood yet. Acceleration in DC electric fields, stochastic wave-
particle  interaction,  or  shock  acceleration  mechanisms  can  play  important  roles  (Aschwanden 
2008). As a result, current models predicting peak fluences of SEPs and the time evolution of the 
whole process are not reliable (Vainio 2009). The problem has for long attracted attention of the 
scientific  community  as  health  hazards  associated  with  increased  radiation  levels  need  to  be 
predicted for space missions. In-situ measurements on satellites typically provide the most valuable 
data,  nevertheless  planning  and operation  of  these  missions  are  costly.  Mountain  observatories 
provide technical infrastructure for many demanding experiments and can keep the costs reasonably 
low. A question arises what information can be extracted from data measured at mountain altitudes. 

Neutrons  monitors  have  long  been  used  to  study  cosmic  radiation.  Their  large  active 
volumes provide sufficient  precision even for a  low fluence of cosmic radiation.  The signal of 
neutron monitors, however, does not provide any information about energy spectra of registered 
particles. Semiconductor detectors can provide such information, but their active volumes are much 
smaller compared to the ones of neutron monitors. Smaller active volumes lead to smaller numbers 
of detected particles and higher statistical uncertainties. An example of a semiconductor detector is 
the Bulgarien spectrometer of deposited energy Liulin. Liulin-type dosimeters have recently been 
installed  at  several  mountain  observatories  as  cosmic-ray  monitors,  for  instance  at  Moussala 



(Bulgaria, 2925m), Jungfaujoch (Switzerland, 3475m), Alomar observatory (Norway, 380m) and at 
Lomnicky Stit observatory (Slovakia, 2632m) Zanini et al. 2009, Kudela et al. 2009, Stamenov et 
al.  2007, Mishev 2006, Mishev 2011). More examples of measurements performed at mountain 
observatories are in (Terjung 1969, Zanini 2005).

The aim of this work is to evaluate the feasibility of Liulin for detection of variations in 
cosmic radiation arising from solar activity when placed at mountain observatories. In particular, we 
focus on detectability of solar events for the unit placed at the Lomnicky Stit observatory. For data 
collected in February 2011, we determined decision thresholds and detection limits for an increase 
or  decrease  in  the  number of  particles  detected during  a  10 minute acquisition  time.  Also,  we 
determined the acquisition time which is needed for a detection of a given percentage increase or 
decrease in the count rate. These predictions were tested on data from a Forbush decrease registered 
by the neutron monitor at Lomnický štít observatory on February 21, 2011.

    (a)             (b) 

Figure 1: (a) Neutron monitor in the measurement room. (b) Outside view of the measurement 
room at the Lomnický štít observatory.

(a)  (b)  (c)

Figure 2: Liulin detector (a) was placed at a table in the living room (b) of the Lomnický štít 
observatory. The living room was positioned below the measurement room (c).

2 Theory
Definitions of characteristic limits (decision threshold and detection limit) were taken from (ISO 
2010).  As  the  availability  of  this  document  is  limited  to  copies  purchased  from ISO,  we  cite 
corresponding  definitions  in  sections  2.1  and  2.2.  To  avoid  any misinterpretation,  the  original 
notation and concepts are used. These are adjusted in section 3 to fit the goals of this report. While 
(ISO 2010) assumes a positive net signal only, here we consider either an increase or a decrease in 
the background counting rate. Whether we want to detect an increase or a decrease must be known a 
priori. Then the probabilities of errors of the first and second kind α  and β , respectively, can be 
interpreted similarly to (ISO 2010).

2.1 Decision threshold

The  decision  threshold,  y* ,  of  the  non-negative  measurand  quantifying  the  physical  effect  of 



interest,  is the value of the estimator,  Y, which allows the conclusion that the physical effect is 
present, if the primary measurement result, y, exceeds the decision threshold, y* . If the result, y, is 
below the decision threshold, y* , the result cannot be attributed to the physical effect, nevertheless 
it cannot be concluded that it is absent. If the physical effect is really absent, the probability of 
taking the wrong decision, that the effect is present, is equal to the specified probability, α  (error of 
the first kind).

A determined primary result,  y, for the non-negative measurand is only significant for the 
true value of the measurand to differ from zero ( ỹ>0 ), if it is larger than the decision threshold

y*
=k1−α ũ (0) , (1)

where  k 1−α  is  the  (1−α) -quantile  of  the  standardized  normal  distribution  and  ũ (0)  is  the 
standard uncertainty of the estimator  Y as a function of the true value,  ỹ , of the measurand for 
ỹ=0 . Equation (1) can also be written as

P ( y> y*
∣ỹ=0)=∫y*

∞

f ( y∣ỹ=0)dy=α , (2)

where y is the primary measurement result of the measurand, Y, and f ( y∣ỹ )  is the probability 
distribution (conditional distribution of estimates, y, given the true value, ỹ , of the measurand, Y), 
see figure 3.

2.2 Detection limit

The detection limit,  y# , is the smallest true value of the measurand for which, by applying the 
decision rule according to 2.1, the probability of the wrong assumption that the physical effect is  
absent (error of the second kind) does not exceed the specified probability, β . The detection limit is 
obtained as the smallest solution of equation (3)

y#
= y*

+k 1−β ũ( y #
) , (3)

where k 1−β  is the ( 1−β )-quantile of the standardized normal distribution, ũ ( y#
)  is the standard 

uncertainty of  the estimator  Y as  a  function  of  the true value  y# ,  and  y#
⩾ y* always  applies. 

Equation (3) can also be written as

P ( y< y*
∣ỹ= y#

)=∫−∞

y*

f ( y∣ỹ= y#
)dy=β , (4)

where y is the primary measurement result of the measurand, Y, and f ( y∣ ỹ)  is the probability 
distribution (conditional distribution of estimates, y, given the true value, ỹ , of the measurand, Y), 
see figure 3.

                   

Figure 3: Decision threshold y*  and detection limit y# .



3 Methods

3.1 Experimental setup

Data analyzed in this work were measured with a neutron monitor and a Liulin detector at the 
Lomnický štít observatory. The neutron monitor was positioned in a special measurement building 
of the observatory, see figure 1. It consisted of a set of BF3 proportional counters in combination 
with  polyethylene  moderators.  Data  measured  with  the  neutron  monitor  were  corrected  for  air  
pressure and recorded in a database managed by IEP SAS. The Liulin detector was positioned in the 
living room of the Lomnický štít observatory, see figure 2. It consisted of a HAMAMATSU S2744-
08 Si PIN silicon photodiode, charge-sensitive preamplifier, two or more micro-controllers, and 6 
MB of flash memory. Dimensions of the box-shaped photodiode were 20 mm x 10 mm x 0.3 mm. 
Sensitivity to fast neutrons was enhanced by a radiator made of thin polyethylene film placed on the 
front-side of the photodiode (Dachev et al. 2002, Dachev et al. 2010, Uchihori et al. 2002). The 
detector recorded 256-channel spectra of energy imparted to the sensitive volume of the photodiode. 
Data acquisition time was 10 minutes.  The content  of  all  channels,  the total  number of  events 
registered by the photodiode, and the dose to silicon were recorded to the internal memory of the 
detector. Correction for air pressure was not performed.

3.2 Evaluation of data

Neutron monitor data in ASCII format were downloaded via the HTTP protocol from (IEP 2011a).  
Liulin data were downloaded via the FTP protocol from (IEP 2011b) and converted to ASCII format 
using software provided by the manufacturer. The beginning and end of the Forbush decrease in 
February 2011 were detected via a visual  inspection of neutron monitor  data,  see figure 4 and 
table 1.

Table 1: Time periods A and B contain data before and during the Forbush decrease, respectively.  
Time is in UTC.

Period Duration

A 2011-02-14 00:00 – 2011-02-18 00:00

B 2011-02-18 15:00 – 2011-02-20 23:00

Decision thresholds and detection limits of the Liulin detector for the number of particles detected 
during a 10 minute acquisition time were determined using the method described in section 2 with 
slight modifications. While the original method described in (ISO 2010) assumes an increase in the 
background count only, here we assume either an increase or a decrease in the background count. 
While the method in (ISO 2010) assumes normal distributions of measured quantities only, here we 
also assume non-normal distributions. In this case, quantiles are derived from empirical probability 
density functions.

Decision thresholds N -
*  and N +

*  for the decrease and increase, respectively, in the number 
of detected particles were determined as

N -
*
=K α (5)

N +
*
=K1−α (6)

where Kα and K1-α are quantiles of the empirical probability distribution function for the number of 
particles from the cosmic background; the quantiles were evaluated for  α=0.05 . If assumptions 
discussed  in  section  5  are  fulfilled,  the  number  of  detected  particles  should  follow a  Poisson 
distribution, which for  N>30  approaches a normal distribution. The quantiles  Kα  and  K1-α were 
also evaluated using the PDF of the normal distribution.

Detection limits N -
#  and N +

#  for the decrease and increase, respectively, in the number of 
detected particles were determined using a simplifying assumption that distributions corresponding 



to the increased or decreased number of detected particles have the same shape as the distribution of 
the background ( ũ ( ỹ)=ũ (0) ).  Strictly speaking, this assumption is not valid as the number of 
detected particles approximately follows a Poisson distribution whose standard deviation is  √ N , 
i.e. its shape depends on the increased or decreased counting rate. Nevertheless for large  N the 
change in shape is relatively small. An estimation of the associated error is in section 5. Using this 
assumption the detection limits were calculated as

N -
#
=N -

*
+N -

#
−K1−β

#
=N -

*
+N̄−K 1−β (7)

N +
#
=N +

*
+N̄ #

−K β
#
=N +

*
+N̄ −Kβ (8)

where N -
*  and N +

*  are decision thresholds defined by equations (1-2), N̄  is the average number 
of detected particles corresponding to the background, Kβ and K1-β are the quantiles of the empirical 
distribution function corresponding to the background, and β=0.05 . These detection limits were 
compared to those calculated assuming normal distributions with  α=β=0.05 . In the latter case, 
the calculation simplifies to

N -
#
=N̄−(K 1−α−K α) (9)

N +
#
= N̄+(K1−α−K α) (10)

Normality of distributions was tested using the Shapiro-Wilk test (function shapiro.test() in R) and 
visually  inspected  via  Q-Q  plots.  Decision  thresholds  reported  in  section  4  indicated  that  the 
Forbush decrease was too small to be detected by Liulin. To independently verify this prediction, 
the Wilcoxon rank sum test (function wilcox.test() in R), also known as the Mann-Whitney test, was 
used to test the null hypothesis that the mean counts in periods A and B were the same against the 
alternative hypothesis that the mean count for the period B was lower than that for the period A. To 
check whether an assumption about the normality of the counts could lower the p-value of the test, 
the t-test (function t.test() in R) was also used; the null hypothesis that means were equal  was tested 
against the alternative hypothesis that the mean for B was lower than the mean for A. In this case,  
equal variances of data for periods A and B were assumed. For more information about statistical 
tests, see (Jackson 2011).

Data acquisition time needed to detect a relative decrease of δ  defined as

δ≡
N̄ −N -

#

N̄
(11)

was derived as follows. Assume that N has Poisson distribution and that N̄−N -
#
=k √N̄ , where k is 

a constant which does not depend on N̄ . Then

δ≡
N̄ −N -

#

N̄
=

k √ N̄
N̄

=
k

√N̄
(12)

As the average number of particles detected in acquisition time of a⋅10  minutes is N̄ a⋅10=a N̄ 10 , 
the corresponding relative decrease is

δa⋅10=
k

√ N̄ a⋅10

=
k

√a √ N̄ 10

=
δ10

√a
, (13)

where  δ10  and  N 10  are  the  relative  decrease  and  the  average  number  of  detected  particles, 
respectively,  corresponding  to  10  minute  acquisition  time.  The  multiple  a of  the  10  minute 
acquisition time needed to detect the relative decrease δ  was determined from equation (13) as

a=(δ10 /δ)
2 (14)

4 Results
Data measured in February 2011 shortly before and during the Forbush decrease with Liulin and the 
neutron monitor are shown in figure 4. A 5% decrease in the counting rate is apparent in the neutron 
monitor data. This decrease, however, is not visible in the data measured by Liulin owing to their  
higher statistical noise.

http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/


(a)   (b) 

Figure 4: Neutron monitor (a) and Liulin (b) counting rates for periods A (blue points) and B (red  
points). The Forbush decrease from February 18, 2011 is clearly visible in the neutron monitor  
data.

Decision threshold and detection limits of the Liulin detector calculated from formulas (5-8) are 
shown in table 2. Corresponding relative changes of the mean count are in table 3.

Table  2: Decision  thresholds  N -
*  and  N +

*  for  the  decrease and increase,  respectively,  of  the  

number of particles detected by Liulin, and corresponding detection limits N -
#  and N +

# .

PDF N -
# N -

* N +
* N +

#

Empirical 58 73 102 116
Gaussian 57 72 102 117

Table 3: Distance of decision thresholds and detection limits (see table 2) from the average number  
of  detected  particles  ( N̄=87 )  relative  to  the  average  number  of  detected  particles, 
δX =∣N X −N̄∣/ N̄ . All numbers are in percent.

PDF δ-
#

δ-
*

δ+
*

δ+
#

Empirical 33 16 17 33
Gaussian 34 17 17 34

The Forbush decrease of 6.4% was too small to be detected by Liulin for the 10 minute acquisition 
time; the relative decrease corresponding to the decision threshold was 16%. The same result was 
obtained for the much longer acquisition time corresponding to period B; p-values provided by the 
Wilcoxon rank sum test and the t-test, which assumes normal distribution of the number of detected 
particles,  were too large to  reject  the null  hypothesis  that  the mean values  were the same,  see 
table 5. The usage of the t-test was, however, questionable in this case since the Shapiro-Wilk test 
showed that the empirical PDF deviated from a normal distribution, see table 4. The non-normality 
of data was also confirmed by visual inspection of kernel density and Q-Q plots in figures 5 and 6.

Table 4: Results of Shapiro – Wilk test

period p-value result
A 0.02266 H0 rejected
B 0.03932 H0 rejected



Table 5: Results of t-test and Wilcoxon rank sum test

t-test Wilcoxon signed – rank test
p-value 0.3397 0.2597
result H0 cannot be rejected H0 cannot be rejected

To detect a relative decrease of δ=0.05 , the acquisition time should be 

a=(δ10 /δ)
2
=(0.33/0.05)

2
=43.56 (15)

longer, i.e. 7.26 hour. This time is shorter than the acquisition time of period B (56 hour). Though 
the Forbush decrease of more than 5% was observed for several hours only and then the counting 
rate gradually returned to normal, this result indicates that factors other than statistical uncertainty 
affected the detectability of the signal decrease. 

(a)   (b)

Figure 5: Empirical  kernel density function (solid  line) of  the number of  particles detected by  
Liulin  during  a  10  minute  acquisition  time  and  corresponding  PDF  of  a  normal  distribution  
(dashed line) with the mean and standard deviation taken from the data sample for periods A (a)  
and B (b).

(a)   (b)

Figure 6: Q-Q plot of the number of particles detected by Liulin during a 10 minute acquisition  
time for periods A (a) and B (b).

5 Discussion
In the simplest measurement model, the number of particles detected by Liulin should follow a 
Poisson distribution.  Nevertheless Q-Q and kernel density plots  indicated a deviation from this 
distribution especially for high counts. The reason is not known. Most likely an electronic noise 



combined with a pile-up effect contributed to this discrepancy. Detector dead time should have 
played  a  minor  role  as,  according  to  (Uchihori  2002),  no  correction  is  needed  if  number  of 
impinging particles is lower than 103 particles per second. Though the difference was statistically 
significant,  it  was  still  possible  to  use  the  Poisson  (normal)  distribution  for  prediction  of 
characteristic limits.

A detection limit has to be found as a solution of equation (3). In this work, we used the 
assumption that the shape (the standard deviation) of the distribution does not depend on the mean 
count. The solution of the equation is then given by equations (7-8). A more accurate approximation 
is to assume that the standard deviation of the distribution equals the square root of the mean count 
as for a Poisson distribution. Though it was shown in section 4 that the empirical distribution did 
not follow a Poisson distribution, the difference between the standard deviation predicted by the 
Poisson distribution ( √86.97=9.33 ) and the standard deviation of the empirical distribution (9.03) 
was relatively small. For detection limits of 58 and 116 (see table 2), the corresponding standard 
deviations  were  7.6  and  10.8,  respectively.  Differences  introduced  by the  assumption  that  the 
standard  deviation  was  the  same  (i.e.,  9.03)  were  2(9.03-7.6)=2*1.43=2.86  and  2(10.8-
9.03)=2*1.77=3.54, respectively. (The factor of 2 is used here to relate these standard deviations to 
the 95% coverage level.)  These differences approximately indicate uncertainties with which the 
detection limits were determined.

Statistical  analysis  in  section 4 shows that  a  decrease of  5% in the number of detected 
particles for at least 8 hours should have been detected by Liulin. As the decrease measured by 
Liulin was not statistically significant, we theorize that the radiation field in the living room of the 
Lomnický štít observatory was notably different from the one measured by the neutron monitor; the 
variation could have been smaller since a significant number of particles was absorbed in the thick 
concrete ceiling of the living room. Placing the Liulin detector outside the building may provide 
valuable information on this issue.
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